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In Ciona intestinalis, the elimination of extra-embryonic test cells during early stage of development is delayed by a fertilization signal. Test
cells undergo a caspase-dependent apoptosis event repressed by thyroxine (T4)-activated NF-nB. When apoptosis was experimentally blocked, the
hatching stage was delayed. The incubation of unfertilized eggs with a 1-h-fertilized egg extract or purified T4 restored apoptosis in test cells at a
similar timing than found in fertilized eggs. Ciona expresses specific genes forming a functional InB/NF-nB pathway. One, Ci-p65, was
transiently induced upon fertilization via T4 and found to exert its anti-apoptotic role in test cells nuclei as well as in a reconstituted cell system.
Blocking NF-nB activity by dexamethasone-induced overexpression of Ci-InB abrogated the repression of apoptosis in test cells. Overall, the data
are consistent for defining a central coupling role of both T4 and NF-nB during early embryo development.
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Metamorphosis of ascidians is characterized by the trans-
formation of a swimming tadpole in a fixed filter feeder adult.
Embryonic development and metamorphosis are periods of
intense cell reorganization and remodeling, and both are targets
of apoptosis events. Two major apoptotic events occur during0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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1 The three first authors contributed equally to this work.development of Ciona intestinalis. The first affects extra-
embryonic test cells at early stages of development. The second
affects during metamorphosis, tunic, epidermal, muscle and
notochord cells and leads to the caudal regression of the
tadpole (Chambon et al., 2002). Tail regression is controlled
through caspase-3-dependent apoptosis associated with ERK
activation (Chambon et al., 2002). A similar mechanism failed
to explain how test cells undergo apoptosis during early
development. Notably, caspase 3 is not expressed at that stage
(Chambon et al., 2002), and it is not even established whether
this apoptotic event is caspase-dependent.
Among different pathways that control apoptosis, we
particularly focused on the InBa/NF-nB pathway because it
is well recognized to control apoptosis in a caspase-dependent89 (2006) 152 – 165
www.e
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2001). NF-nB is a ubiquitous transcription factor. Both
subunits of NF-nB are encoded by multigenic families, and
the typical form of NF-nB is a heterodimer of p65 (relA) and
p50. In quiescent mammalian cells, NF-nB resides in the
cytoplasm bound to inhibitory proteins, such as InBa, h, g or
(, which mask the nuclear localization signal of p65
(Baldwin, 1996; Ghosh et al., 1998). Following stimulation
of the cell, InB proteins are phosphorylated and degraded by
the proteasome, thereby releasing NF-nB. Free NF-nB
translocates to the nucleus and activates cell survival genes
(Wang et al., 1998).
NF-nB or NF-nB homologues are also involved in the
control of various developmental processes in different
species. In Drosophila embryos, Dorsal, one NF-nB homo-
logue, is translocated to the nucleus in response to a ventral
signal which is necessary for the formation of all ventral
structures (Steward, 1987). During Xenopus embryogenesis,
NF-nB activation is observed throughout insulin-induced
oocyte maturation and early embryonic development, but its
precise role is not yet elucidated (Dominguez et al., 1993;
Richardson et al., 1994). In chicken embryos, NF-nB
activation promotes the expression of the homeobox genes
necessary for the development of the limb bud (Kanegae et al.,
1998). In single cell mouse embryos, NF-nB activation is
absolutely crucial to engage the development beyond the 2-cell
stage (Nishikimi et al., 1999). In the protochordate Halo-
cynthia roretzi, As-rel1 and As-rel2, two Rel/NF-nB family
members, coordinately regulate the establishment of the
ascidian notochord structure (Shimada et al., 2001). A similar
function for NF-nB was recently described in C. intestinalis
(Kawai et al., 2005).
In this study, we focus on the molecular mechanisms that
control apoptosis in test cells of C. intestinalis and
eventually point to a caspase-dependent pathway controlled
by NF-nB and regulated by fertilization factor(s). Test cells
play crucial roles in normal development and morphogenesis
of ascidian larvae. Notably, test cells are determinant in the
control of the sequential events occurring during completion
of tail regression and rotation of visceral organs (Sato and
Morisawa, 1999). However, the function of extra-embryonic
test cells is still subject of debate with respect to early
embryonic development. In this context, the control of the
fate of test cells by a fertilization-dependent thyroid
hormone thyroxine (T4) signal represents the first example
of NF-nB-regulated apoptosis implicated in the controlled
timing of early developmental events. Finally, our results led
us to discuss, in evolutionary terms, the origin and the
control of apoptosis through the InB/NF-nB pathway in
deuterostomes.
Materials and methods
Animal husbandry
Adult C. intestinalis and other ascidian species were collected in the Thau
laguna (Herault, France) and the bay of Roscoff (Finiste`re). Oocytes and sperm
were obtained by dissection of gonoducts, and cross fertilization was performedin plastic petri dishes. Embryos were cultured as previously described
(Chambon et al., 2002).
Transmission electron microscopy (TEM)
Eggs were fixed in 2.5% glutaraldehyde in 0.1 M So¨rensen phosphate buffer
(pH 7.24) supplemented with 1.5% NaCl and post-fixed with 2% osmium
tetroxide in 0.1 M So¨rensen phosphate buffer (pH 7.4). The fixed material was
dehydrated in a graded alcohol series and embedded in Epon 812. For TEM,
ultra-thin sections were classically contrasted with uranyl acetate and lead citrate
and observed with a Jeol 1200 transmission electron microscope at 80 kV.
TUNEL staining and indirect immunofluorescence analysis
Embryos were fixed for 20 min with 3,7% formaldehyde in filtered
seawater at room temperature. Indirect immunofluorescence and TUNEL
staining (kit from Roche Molecular Biochemicals) were performed as described
previously (Chambon et al., 2002). The specimens were analyzed with a Leica
TCS 4D laser confocal microscope. For double labeling studies, InB was
visualized with a mouse monoclonal antibody raised against InBa (a friendly
gift of Dr. R.T. Hay). This antibody used in previous work is known to be un-
reactive by Western blotting on tissue biopsies (Baghdiguian et al., 1999). NF-
nB was visualized with a mouse monoclonal antibody raised against a
recombinant protein corresponding to amino acids 1–286 of human NF-nB
p65 (Santa Cruz Biotechnology). T4 thyroid hormone was detected with a
rabbit anti-l-thyroxine polyclonal antibody (T-2652, Sigma Immuno Chemi-
cals) and the myc tag with the 9E10 anti-myc monoclonal antibody (generous
gift from F. Communale). Appropriate secondary antibodies were: TRITC-
conjugated donkey-anti-mouse or FITC-conjugated donkey-anti-rabbit immu-
noglobulins (Jackson Laboratories).
CaspACE in vivo incorporation and inhibition assay
The CaspACE Red-VAD-FMK In situ Marker (Promega) was added
immediately after fertilization at a final concentration of 100 AM in filtered
seawater. Unfertilized and fertilized eggs were fixed at time intervals and
processed as described above. For the inhibition assay, fertilized oocytes were
divided in two groups of 200 eggs. One group was used as control, and the
second was incubated in 100 AM inhibitor. After 18 h incubation, swimming
larvae, tailbud stage and undeveloped embryos were counted in both groups.
The incorporation of the marker was validated by confocal fluorescence
microscopy in surviving test cells.
Treatments with thyroxine and dexamethasone
T4 (l-thyroxine, T-2501, Sigma) was added at a final concentration of 100
nM or 10 AM immediately after egg extraction. The samples were incubated at
18-C for 2 or 5 h. Treated and untreated samples at 2 h were lysed in TRIzol,
and mRNA was isolated; treated and untreated samples at 5 h were fixed and
TUNEL-stained. Dexamethasone (Dex; solu-medrol\ from Pharmacia and
Upjohn) was added at a final concentration of 1 AM or 10 AM immediately after
fertilization. Samples were incubated at 18-C for 2, 5 or 8 h. Treated and
untreated samples were fixed and TUNEL stained.
Egg extract preparation and incubation
A total lysate was obtained by homogenization of 1-h-fertilized eggs in a
Tissue Grinder (Potter-Elvehjem, Kontes Glass Company). Then, freshly
collected unfertilized eggs were immediately incubated or not in the presence of
the egg extract at 18-C and processed after 1 to 5 h of incubation for TUNEL
and immunofluorescence labeling or mRNA isolation.
mRNA isolation and semi-quantitative RT-PCR
Embryos were lysed in TRIzol (Invitrogen–Life-Technologies), and mRNAwas
isolated according to the supplier’s instructions. RT-PCR was performed on equal
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previously described (Philips et al., 2003). For each gene of the NF-nB pathway, a set
of forward (F) and reverse (R) primers was designed to amplify specific fragments
(Fig. 4C). NF-nB: F: 5V-TCCCTTCGGTACGATGTTGGAC-3V, R: 5V-
AGATGGCGGTGGAGGAGTGA-3V (for p65) or R: 5V-AACTTCCGGCCT-
CAGTGCTTTT-3V (for p30), p105: F: 5V-GGAAAGGCAAGTTCAGGA-3V, R: 5V-
GTCGCATTGTTCTGTAGCAT-3V, InB: F: 5V-GCCAGATACACAGCAAGA-3V,
R: 5V-TGCCCTACTACAGATTGTTC-3V. Ci-tp: F: 5V-CTTTGCCGACGAGCAA-
TACG-3V, R: 5V-TCGGACAACAGGTAATTGGTATCC-3V. PCR was first per-
formed on cDNA from eggs at 2 h post-fertilization for p65, and the number of cycles
was adjusted to produce a non-saturating signal on ethidium-bromide-stained agarose
slab gels. Semi-quantitative PCRwas next performed on cDNA from each time point
using the number of cycles previously adjusted. PCR products were run on 1.2%
agarose slab gels.
SDS-PAGE and Western immunoblotting
Fertilized and unfertilized eggs were lysed in TRIzol and proteins dissolved
in 1% SDS solution. Samples were diluted in sample buffer and incubated at
85-C for 5 min (Laemmli, 1970). Total proteins were separated on 10% SDS
polyacrylamide gels containing 0.13% bisacrylamide and transferred onto PVDF
membranes. Blots were blocked with 5% BSA or 5% milk in PBS–Tween and
incubated with mouse monoclonal anti-NF-nB P65 (Santa Cruz Biotechnology)
diluted 1:200 in PBS–Tween for 1 h, washed in PBS–Tween, then incubated 1
h with HRP-conjugated anti-mouse IgG antibody diluted 1:10,000 (Jackson
Immuno Research laboratories). Labeled proteins were detected using the ECL
kit (Amersham Pharmacia Biotech).
Semi-quantitative analysis of fluorescence
The digital images, 8 bits encoded (0 = black; 255 = white) were treated by the
ImageJ software (Image Processing from NIH). T4 fluorescence was quantified by
difference between two areas: one was the total egg area (including total T4
fluorescence), the second referred to the similar area but excluding T4 fluorescence.
T4fluorescencevaluesforeacheggwereexpressedinarbitraryunitsandresult fromthe
multiplication of themean pixel value with pixel number.
Western blot and RT-PCR quantification
The Western blot and RT-PCR data were treated by the ImageJ software
(Image Processing from NIH). The final value for each pertinent band was
normalized against total protein content (Coomassie brilliant blue staining)
for Western blot and against the reference S26 bands for RT-PCR.
DNA affinity binding assay
Nuclear extracts from unfertilized/fertilized Ciona eggs and from control HeLa
cells (untreated or treated with pIpC (100 Ag/ml, Amersham Pharmacia Biotech) for
24 h) were prepared as described in Gongora et al., 2000. The sequence (358 to
279) from the human Isg20 promoter containing an active NF-nB site was
amplified by PCRwith a biotinylated 5Vprimer. Amplified DNAwas bound toM280
magnetic beads (Dynal) and incubated with nuclear extracts for 1 h at 4-C. Beads
were washed with washing buffer (20 mM Tris, pH 7.9, 5 mM MgCl2, 0.2 mM
EDTA, 100 mM NaCl), and bound materials were eluted and separated by 10%
SDS-PAGE. Western blotting was performed to detect DNA-bound proteins with
p65 antibody. The sequence of the double-stranded probe containing the NF-nB site
used in the competition experiment is 5V-GTTAGTTGTGGGACATTCCCT-
GAGCTCCA-3V. A competition experiment using excess NF-nB probe was
performed to attest the relevance of the interactions.
Cell cultures
TheA431 and human Jurkat Tcell lines were cultured in RPMI 1640medium
supplemented with 10% FCS, 100 U/ml penicillin and 100 Ag/ml streptomycin.
Cells were treated with 10% DMSO for 5 h in order to induce apoptosis then
lysed with RIPA lysis buffer (150 mM NaCl, 50 mM Tris–HCl, pH 7.6, 5 mMEDTA, 0.5% NP-40, 1 mM PMSF, 1 mM orthovanadate, 0.5% sodium
deoxycholate, 0.1% SDS) supplemented with Complete Protease Inhibitor
Cocktail tablets (Roche molecular biochemicals). HeLa cells were grown at
37-C, 5% CO2 in DMEM medium (Gibco/BRL) supplemented with 10% v/v
fetal calf serum.
Expression vector and transfection
Embryos collected 2 h post-fertilization were lysed in TRIzol, and mRNA
was isolated according to the supplier’s instructions. The p65 cDNA was
amplified by PCR (40 cycles) using a forward primer with KpnI site (5V-
GGGGTACCTCAATATGGATAGAATTCCAGTATT) and a reverse primer
with XbaI site (5V-GCTCTAGATCTCTGCACAGTTTCAAGATT). This
cDNA fragment was cloned in the KpnI –XbaI sites of pEF6/Myc-His A
vector (Invitrogen) to give the full-length cDNA of Ci-p65 of 2118 bp. HeLa
cells were platted at 2.105 cells/well into 24-well plates in DMEM medium,
10% serum. Twenty four hours later, p65 or the respective empty vector was
transfected into cells using Lipofectamine 2000 (Invitrogen). Sixteen hours
later, cells were serum-deprived for 7 h (DMEM 0.5% serum) after that cells
were stopped and fixed. Fixed cells were processed for TUNEL, myc and p65
immunofluorescence as described above.
Database analysis and sequencing
TBLASTN searches were done in C. intestinalis genomic (http://
genome.jgi-psf.org/ciona4/ciona4.home.html) and cDNA (http://ghost.zool.
kyoto-u.ac.jp/indexr1.html) databases. Complete coding regions of cDNAs
for components of the NF-nB pathways were reconstructed from a combination
of ESTs alignment (Autoassembler 2.1, Perkin-Elmer) and exon finding
(Genscan, http://genes.mit.edu/genscan.html). Differentially spliced mRNAs
were directly deduced from EST alignments.
Results
Extra-embryonic test cells of unfertilized eggs undergo rapid
apoptosis after dissection
We previously observed that test cells undergo apoptosis in
fertilized eggs before hatching (12 h post-fertilization, hpf)
(Chambon et al., 2002). Test cells form a leaky epithelial cell
monolayer in contact with perivitelline space at the inner face
and at the outer face with an acellular vitelline membrane. In
unfertilized mature eggs, apoptosis in test cells was also
characterized by the appearance of chromatin condensation
and formation of apoptotic bodies at transmission electron
microscopy level (Fig. 1A). Test cell apoptosis induced
disorganization of the epithelial sheet with migration of
surviving cells towards the egg. These cells are referred as inner
test cells therein as opposed as external cells. Ultimately, inner
test cells become apoptotic (Fig. 1A, right panel). A kinetic study
of apoptosis by the TUNEL method was conducted between H0
and H18 h after dissection on unfertilized eggs. In this and
subsequent experiments, the vitelline membrane and follicular
cells were systematically removed.Whereas no sign of apoptosis
was observed at H0, a very few test cells were found TUNEL-
positive as early as 30 min after egg collection (Fig. 1B). One
hour post-collection, the majority of test cells of the external
layer were apoptotic. Inner test cells became apoptotic at H2, and
the process was completed between H2 and H5. Therefore, in
unfertilized eggs, induction of test cell apoptosis is very rapidly
triggered. Since there is no mechanical mean to eliminate
Fig. 1. Ultrastructural characterization and time-course of test cell apoptosis in unfertilized eggs. (A) Transmission electron micrographs of test cells at different times
after egg collection as indicated. Note that, at H0 (left panel), non-apoptotic test cells form a monostratified epithelium. At H18 and beyond (H24), test cells nuclei
(n) present all marks of apoptosis including chromatin condensation (cc) and apoptotic bodies (ab). Note the disorganization of the test cell epithelium occurring
upon apoptosis (right panel) leading to differential position of so-called external (EC) and inner (IC) test cells with respect to the acellular vitelline membrane (avm)
and the perivitelline space (pvs). Scale bars: 1 Am. (B) Kinetics of apoptosis in test cells can be detected by TUNEL labeling and fluorescence microscopy. TUNEL-
positive nuclei appear in green. Scale bars: 40 Am.
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perivitelline space.
Fertilization controls test cell apoptosis through a
caspase-dependent mechanism
We then compared the apoptotic status of test cells from
freshly dissected eggs submitted or not to fertilization.
Dissected eggs treated or not with a fluorescent pan-caspase
inhibitor (red-VAD-FMK) for 5, 12 and 18 h were fixed and
processed for TUNEL labeling (Fig. 2). Major differences were
observed between fertilized and unfertilized eggs and between
eggs treated or not with the pan-caspase inhibitor. Consistent
with the data of Fig. 1, test cells from unfertilized, untreated
eggs were highly TUNEL-positive from H5 to H18 (Fig. 2, left
panels). When treated with the pan-caspase inhibitor, however,
only a few rare cells remained apoptotic, implying that the
inhibitor did block the apoptotic event and that therefore
apoptosis in test cells is caspase-dependent. In comparison
and as expected from previous work, in test cells from fertilized
eggs, apoptosis did occur but was very significantly delayed
(Fig. 2, right panels) (Chambon et al., 2002). Fertilized
untreated test cells were much less TUNEL-positive than
unfertilized cells at all stages (H5, H12, H18). When fertilized
eggs were treated with the inhibitor, a significant number ofcells did incorporate the inhibitor and showed no sign of
apoptosis. It is important to note that in fertilized eggs (treated or
untreated) only the most external test cells were subjected to
caspase activation and apoptosis. In comparison, the most inner
test cells in non-fertilized eggs were readily apoptotic as soon as
H5. Altogether, we concluded that test cells are subjected to
caspase-dependent apoptosis and that this event is delayed and
significantly repressed in the inner test cells from fertilized eggs.
Inhibition of apoptosis in test cells affects hatching
We made use of the caspase inhibitor, Red-VAD-FMK, to
block test cell apoptosis in vivo and assess the developmental
consequences of such blockade. Red-VAD-FMK treatment
significantly affected the developmental stage reached by
fertilized eggs (P < 0.0001 for homogeneity test and global
test using Fisher’s method, Fig. 3A). In the control group, 57.6%
of eggs reached the larval stage, while only 2.3% did so in the
inhibitor-treated group. Most Red-VAD-FMK-treated eggs
reached a normal state of development but did not hatch
(88.4% compared to 38.2% in controls). In both groups, few
eggs underwent development failures (9.3% treated, 4.2%
controls). Therefore, although we cannot rule out additional
effect of the inhibitor, these experiments argue for a major
Fig. 2. Test cell apoptosis is caspase-dependent. Double detection of activated caspase and apoptosis was performed in unfertilized and fertilized eggs at 5, 12 and 18
h after dissection. After in vivo incorporation of CaspACE/red-VAD-FMK (+red-VAD-FMK), TUNEL labeling was performed on fixed treated and control eggs
(red-VAD-FMK). In treated eggs, digitized images were merged to superimpose the CaspACE-labeled cells (red) over the respective TUNEL-labeled field
(TUNEL-positive nuclei appear green). Note that red-VAD-FMK treatment abolishes apoptosis both in unfertilized and fertilized eggs. Scale bars: 40 Am.
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developmental stages, with a special contribution of timely
regulated apoptosis.
Treatment of unfertilized eggs with fertilized egg extract
transiently protects test cells from apoptosis in correlation
with T4 induction
Since fertilization prevents and delays apoptosis in test
cells, we hypothesized the presence of survival signals sent by
the embryo. We therefore prepared a total extract from 1-h-
fertilized eggs (F-extract, TFE). Unfertilized eggs treated with
this extract became resistant to apoptosis for at least 3 h (Fig.
3B). After this delay, apoptosis was induced. Remarkably, the
lag in the onset of apoptosis was similar to that observed in
normally fertilized eggs. Therefore, we concluded that, in F-
extract, one or several unidentified factors are present and
exert a transitory anti-apoptotic effect. In control, extract
prepared from unfertilized eggs (TUE) did not modify the
kinetics of test cell apoptosis (Fig. 3B).
Thyroid hormones are major signaling molecules involved in
developmental processes in echinoderms and urochordates
(Johnson and Cartwright, 1996; Heyland et al., 2004; Carosa
et al., 1998; Patricolo et al., 1981, 2001). We therefore assayed
whether these signaling molecules were present in test cells. l-
thyroxine (T4) is an iodinated derivative of an amino acid that is
presumed to be identical in all chordates species and accordinglythe antibody against T4 applied in this study was successfully
used to localize T4 in many other species (Kluge et al., 2005).
Basal level of T4 was detected in test cells of unfertilized eggs
(Figs. 4A–B, NF/NT). In contrast, a drastic rise in T4
fluorescence was observed in fertilized eggs (2 hpf, F/NT).
Significantly, a similar rise of T4 fluorescence, but of lower
magnitude, was observed in unfertilized eggs treated with F-
extract (Figs. 4A–B, NF/T). This observation argues for a
participation of thyroid hormones in the regulation of test cell
physiology. Accordingly, the mRNA transcript of thyroid
peroxidase, the enzyme required for T4 synthesis, was consti-
tutively expressed from H0 and within the same time interval
(Fig. 4C).
We then aimed to identify the intracellular regulators whose
activity could be regulated by T4 and play a role in the
regulation of test cell apoptosis. The InB/NF-nB pathway is
involved in the control of caspase-dependent apoptosis and
expression of survival genes in a wide range of organisms.
Therefore, we first conducted an in silico search of this gene
family in Ciona (not shown). Indeed, Ciona genome analysis
led conclusively to the presence of two distinct Rel/NF-nB-
related genes that were independently described recently
(Kawai et al., 2005). A first one codes a potential Ci-p105
precursor protein of p50 which is incorporated within the N-
terminal portion of p105 and is a unique product of
proteasomal processing (Lin and Kobayashi, 2003). The
second codes two putative proteins generated through differ-
Fig. 3. Apoptosis in test cells controls hatching and is regulated by a fertilization signal. (A) Addition of the caspase inhibitor after fertilization strongly delays
embryo hatching. Left panels: light transmission of enlarged fields. Middle panels: the high magnification Nomarski’s contrast images suggest that the hatching delay
observed in the treated embryo is not due to any developmental defect. Right upper panel: the inhibitor (red fluorescence) preferentially accumulates in test cells.
Right lower panel: quantification of inhibitory effect of red-VAD-FMK expressed as percentage. All experiments of this figure were performed in triplicates. Scale
bars: 240 Am (left panel), 40 Am (middle and right panel). (B) TUNEL labeling of unfertilized eggs treated or not (NT) with 1-h-fertilized egg extract (TFE) or
unfertilized egg extract (TUE). NT and TUE test cells appear apoptotic (green) as soon as 1 h after dissection (H1). Conversely, TFE test cells present apoptotic
features only at H4 after collection and treatment. Scale bars: 40 Am.
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nuclear localization signal. In addition, a single gene encodes a
potential Ci-InBa/( protein homologue of both mammalian
InBa and InB(. Using this information, we designed a series
of oligonucleotides in order to follow the expression patterns
of NF-nB. Remarkably, when unfertilized eggs were treated
with exogenous T4 for 2 h, a strong expression of Ci-p65
mRNA was induced (Figs. 4D–E, NF/T4). Similarly, a faintexpression of Ci-p65 was also observed in unfertilized eggs
treated with F-extract (Figs. 4D–E, NF/T), whereas, in
contrast, unfertilized and untreated eggs did show, depending
upon series of experiment, no or trace expression (Figs. 4D–E,
NF/NT). The induction of Ci-p65 was specific by comparison
with the stable pattern of Ci-p30 mRNA expression which was
recorded in all types of eggs and with the S26 reference
mRNA expression (Fig. 4D).
Fig. 4. A fertilization signal induces T4-dependent ci-p65 mRNA expression. (A) Fertilization or treatment with 1-h-fertilized egg extract induces T4 elevation in test
cells. Upper panels: transmission images of the respective T4 immunofluorescence fields shown in lower panels. In the right panels, a control was performed in
which the primary anti-T4 antibody was omitted. NF: unfertilized eggs; F: fertilized eggs; NT: untreated eggs; T: eggs treated with F-extract. Scale bar: 80 Am. The
insert identifies individual T4 fluorescent test cells. Scale bar: 15 Am. (B) T4 fluorescence quantification (see Materials and methods). The histogram presents the
mean value of fluorescence for the indicated number of eggs analyzed from similar images as shown in panel A. (C) Expression of Ciona thyroid peroxidase mRNA
(Ci-tp) in unfertilized (h0) eggs and eggs fertilized for 0 (hpf0), 2 (hpf2) and 4 (hpf4) h. A positive control (CTRL), ciht004m20 clone, was run together with
molecular weight markers (MWM). The extent of Ci-tp expression was compared with Ci-S26 mRNA. (D) Ci-p65 mRNA expression is induced in unfertilized eggs
(NF) treated with T4 or F-extract (T). The relative expression of Ci-p65 mRNAwas compared with Ci-p30 and S26 mRNA expression. (E) Quantification of the data
shown in 4D resulting from three independent experiments.
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fertilized eggs
Since Ci-p65 was found to be regulated by T4 in a
reconstitution assay, we then conducted a complete study of
expression of the different gene transcripts throughout Ciona
early development. The results are summarized in Figs. 5A–G.
Ci-p65 mRNAwas transiently induced specifically in fertilized
eggs at H1 and H2 (Fig. 5A). In some fertilization experiments,
p65 mRNAwas still expressed at H4 (Fig. 5B). In all cases, Ci-
p65 mRNA expression sharply declined and disappeared after
H4 (Fig. 5G). No (or trace) expression of Ci-p65 mRNA was
observed in non-fertilized eggs. In contrast to Ci-p65,
unfertilized and fertilized eggs exhibited a similar transient
expression of Ci-p30 at H1 and H2 followed by a significant
diminution of expression between H4 and H12. In addition, the
expression of Ci-p105 mRNA was clearly detected as soon as
30 min post-fertilization and was still expressed at H5 (Fig.
5C). None of Ci-p105, Ci-p65 and Ci-p30 mRNAs was
detected in gonads (Figs. 5C–D). In contrast, Ci-InBa/(
mRNAwas detected at the gonad level as well as at all studied
stages of development (Figs. 5D–F). In conclusion, theseexpression studies indicate that Ci-p65 is a good candidate to
control apoptosis in fertilized eggs since it is specifically and
transiently expressed at early stages (H1–H4), suggesting that
the NF-nB pathway is involved in test cell survival. Combined
with above results (Figs. 4A and D), our data argue for the
existence of a fertilization signal mediated by T4 that induces
Ci-p65 mRNA expression and is responsible of apoptosis
repression in test cells.
Based on ci-p65 cDNA sequencing, we then made use of a
monoclonal antibody produced against human p65 which
epitope is conserved in the respective Ciona protein (Fig.
6A). In agreement with mRNA expression studies, the protein
was absent from gonads and unfertilized eggs but detected at
an expected molecular weight at H5 in fertilized eggs (Fig. 6B).
In fertilized eggs, Ci-p65 was transiently and maximally
detected at H5 then declined (H12) and disappeared (H18)
(Figs. 6C–D). By Western blotting, the antibody also reacted
against Ci-p30 since both proteins possess the same N-terminal
domain. Again, as expected from mRNA expression studies,
Ci-p30 was not detected in gonads but present in unfertilized
and fertilized eggs at H5 (Fig. 6B). Ci-p30 was also detected in
Fig. 5. mRNA expression studies of Ciona NF-nB family members. (A) Time-course of NF-nB mRNA (Ci-p65 and Ci-p30) expression between 1 and 12 h in
unfertilized () and fertilized (+) eggs. Panel B shows an example of the variability of Ci-p65 mRNA expression at hpf4. (C) Expression of Ci-p105 mRNA in
gonad and fertilized eggs at 1/2 and 5 h. (D) Comparative mRNA expression of Ci-p65, Ci-p30 and Ci-InBa/( in gonad. (E) Time-course of Ci-InBa/( mRNA
expression between 1/2 and 5 h in unfertilized (nf) and fertilized (f) eggs. (F) Ci-p65 et Ci-InBa/( mRNA expression from neurulation (hpf6) to hatching (hpf18).
(G) Quantification of Ci-p65 mRNA expression. The histograms are the mean of three independent experiments similar to those shown in A–B and F. Data were
normalized to respective S26 mRNA expression values.
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the protein expression of Ci-p65 and Ci-p30 correlates well
with the respective mRNA expression data during the course of
Ciona early embryonic development.
Ci-p65 and Ci-IjBa/( proteins are specifically concentrated in
test cells of fertilized eggs
The monoclonal antibody directed against p65 was next
used for indirect immunofluorescence studies combined with
TUNEL detection on unfertilized and fertilized eggs fixed at
various indicated times (Figs. 6E–F and 7A). At H5, a majority
of test cells from fertilized eggs were Ci-p65-positive, and
none of them was apoptotic (Fig. 6E, right panels). In
comparison, only trace fluorescence was detected in unfertil-
ized eggs at H5 (Fig. 6E, left panels), and massive apoptosis
was recorded in test cells. Note that, for all the images of Fig.
6E, the plane of focus was set on the egg surface in order to
visualize a maximum number of test cells. Since, at this stage,
Ci-p65 was shown by Western blotting to be expressed only in
fertilized eggs, we concluded that the antibody specifically
reacted against Ci-p65 in immunofluorescence studies and
did not significantly detected Ci-p30. This selectivity
might result from the nuclear concentration of the
fluorescence that can be only explained by the predicted
NLS sequence found in Ci-p65.
We next treated unfertilized eggs with T4 as soon as eggs
were collected and analyzed them at H5 post-dissection (Fig.
6F). Remarkably, test cells were found significantly p65-
positive, and the number of apoptotic test cells declined. This
result was dependent on T4 concentration. Altogether, the
results are consistent with a repression of apoptosis in testcells from fertilized eggs through T4-mediated NF-nB
activation.
At H12 and H18 in fertilized eggs, the fluorescent signals
were particularly informative (Fig. 7A). At H12, red positive
p65-expressing test cells were numerous; and, in most external
cells, the yellow color was indicative of p65 co-localization
with TUNEL-positive nuclei (see also insert Fig. 7A, right
upper panel). p65-expressing inner test cells were remarkably
TUNEL-negative, indicating that they were not yet apoptotic
(see insert, Fig. 7A, right upper panel). At H18, a striking
difference was observed since the p65 labeling disappeared.
Only apoptotic TUNEL-positive cells were observed, the
majority of them being localized in the external layer of test
cells. However, some rare individuals at the same time point
(H18) are more fully developed and very close of hatching.
Those embryos indeed present extensive signs of apoptosis in
test cells, including inner cells (Fig. 7B). Following hatching,
apoptotic inner test cells were found still associated with the
tadpole (Fig. 7B, insert).
A similar study was conducted for Ci-InBa/( using a
monoclonal antibody directed against human InBa. Ci-InBa/(
was not detected at H5 (not shown), whereas significant
immunofluorescence was detected at H12 in most external test
cells only. Interestingly, almost all apoptotic (TUNEL-positive)
cells were also positive for Ci-InBa/(. At H18, a similar but
enhanced situation was recorded with many more cells
combining both signals (see insert, Fig. 7A, right lower panel).
At the same study of apoptosis, p65 and InB expression was
performed in other ascidian species (Phallusia mammillata and
Ascidiella aspersa). Very similar results were obtained further
validating the observations made in Ciona (data not shown).
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Fig. 7. Ciona NF-nB p65 functions as an anti-apoptotic factor. (A) TUNEL (green) and InBa (red) or p65NF-nB (red), as indicated, double labeling of Ciona
fertilized eggs. hpf: hours post-fertilization. (right upper panel) Magnification of Ciona TUNEL/p65 double-labeled egg at hpf12 from insert of left upper panel. The
nuclei of the inner layer of test cells are unambiguously p65-positive and TUNEL-negative. (right lower panel) Magnification of Ciona TUNEL/InBa/( double-
labeled egg at hpf18 from insert of middle lower panel. External test cell TUNEL-positive nuclei are InBa/(-positive (yellow). Scale bars: 40 Am. (B) TUNEL
(green) and rhodamine-conjugated wheat germ agglutinin (red) of an H18 embryo. Note that in this individual inner test cells were found apoptotic at this embryonic
stage. H: head; T: tail. Scale bar: 45 Am. The insert shows that at hatching TUNEL (green) apoptotic inner cells remain associated with the tadpole. (C) The pull
down experiment was performed as described in Materials and methods (see also Materials and methods). Wild type NF-nB DNA binding site except as stated below
(lane 3). Eluted Ci-p65 was detected by Western blotting. 1: cytoplasmic extract of 2-h-fertilized eggs; 2: nuclear extract of 2-h-fertilized eggs; 3: nuclear extract of 2-
h-fertilized eggs on mutated inactive DNA binding site; 4: nuclear extract of 2-h-fertilized eggs in the presence of a competitive excess of free NF-nB probe; 5:
cytoplasmic extract of 5-h-unfertilized eggs; 6: cytoplasmic extract of 5-h-fertilized eggs; 7: nuclear extract of 5-h-unfertilized eggs; 8: nuclear extract of 5-h-
fertilized eggs; 9: nuclear extract of HeLa cells; 10: nuclear extract of HeLa cells pretreated with polyI/C to activate NF-nB. (D) Double labeling of HeLa cells
stained with anti-myc (red, upper panel, combined with phase contrast) or anti-p65 (red, middle panel) and TUNEL (green). Cells were serum-deprived for 7 h to
induce cell death. Lower panel: negative control for myc and p65 labeling (primary antibodies omitted). Scale bar: 8 Am.
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nuclear function of p65 in test cells at a development time
where apoptosis is repressed. We sought to further verify the
functionality of p65 in reconstituted systems in vitro and in
cellulo. First, we verified by a pull down assay (Fig. 7C)
that nuclear Ci-p65 was selectively extracted from fertilized
eggs by the wild type form of mammalian NF-nB DNAFig. 6. Ciona-p65 is transiently expressed in fertilized and T4-treated eggs. (A) Ami
cDNA sequencing and compared with human p65 (Hsp65). The underlined sequen
antibody used in this study. (B) p65 and p30 protein detection. Western blot was pe
cells were used as positive controls. Note that Ci-p65 is specifically detected only in
various stages of early embryonic development. Note that Ci-p65 selectively disapp
post-fertilization. (D) Quantification of the Western blots shown in panel C. The h
(green) and p65NF-nB (red) double labeling of Ciona eggs at 5 h. NF: unfertilized
fields are shown. Note that the focus of each image was deliberately set at the egg su
Am. (F) TUNEL (green) and p65NF-nB (red) double labeling of Ciona unfertilized (
Note that T4 treatment induces p65 expression in a significant number of test cells w
central part of the egg. Test cells therefore are exclusively localized at egg periphebinding site. With respect to the nuclear localization detected
for Ci-p65 (Fig. 7A), we inferred that Ci-p65 is fully
functional in its nuclear location at that time of embryonic
development. Consistent with this conclusion, when Ci-p65
was transiently transfected in HeLa cells, the transfected
cells were totally protected from 7 h serum-deprivation-
induced apoptosis (Fig. 7D). Altogether, all these resultsno acid sequence of Ciona p65 (Cip65) and Ciona p30 (Cip30) as deduced from
ce corresponds to the peptide used as antigen to produce the anti-human p65
rformed in gonad and eggs 5 h after dissection. Extracts from Jurkat and A431
fertilized eggs. (C) p65 and p30 protein detection by Western blot performed at
ears at 18 h post-fertilization. nf: unfertilized eggs; f: fertilized eggs; hpf: hours
istograms are the mean values of three independent experiments. (E) TUNEL
eggs; F: fertilized eggs. The transmission fields of the respective fluorescence
rface in order to record the maximum of test cells in a single plane. Scale bar: 40
NF) eggs at 5 h treated (T4) or not (NT) with the indicated concentrations of T4.
hich appear resistant to apoptosis. The plane of focus of all images was set at the
ry. Scale bar: 40 Am.
Fig. 8. Dexamethasone-induced apoptosis in test cells from fertilized eggs. (A) Fertilized eggs were treated or not with dexamethasone ( or + Dex) at 2
concentrations (1 and 10 AM). After 2, 5 and 8 h (hpf), eggs were fixed and processed for TUNEL labeling (green). Scale bars: 40 Am. (B) InBa/( mRNA expression
in 5-h-fertilized eggs treated or not with 10 AM dexamethasone. S26 mRNAwas used as a control. (C) Superimposition of TUNEL (green) and p65 labeling (red) in
eggs treated or not with 10 AM dexamethasone for 8 h post-fertilization.
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cells.
Dexamethasone treatment blocks the repression of apoptosis
induced by fertilization in test cells
Dexamethasone is known to antagonize the action of NF-nB
through the up-regulation of InB expression. Similarly to what
was reported in mammalian tissues, we tested the effect of
dexamethasone treatment on fertilized eggs. As depicted in Fig.
8A, dexamethasone treatment at two concentrations (1 and 10
AM) led to a strong apoptotic phenotype in test cells. This
phenotype (including kinetics and extent) was very similar to
the one observed in unfertilized eggs. Interestingly, dexameth-
asone induced the overexpression of Ci-InBa/( mRNA (Fig.
8B) which was correlated with the disappearance of nuclear
anti-p65 immunoreactivity in test cells (Fig. 8C). We conclud-
ed that dexamethasone treatment was sufficiently effective to
affect Ci-NF-nB pathway in test cells to release the apoptotic
phenotype similarly observed in unfertilized eggs.
Discussion
Extra-embryonic test cells play a significant role during
ascidian metamorphosis. It has been shown that, when test cellsare experimentally removed from the egg, the embryonic
development is impaired. Especially, the metamorphosis
process is delayed and perturbed (Sato and Morisawa, 1999).
It is therefore important to understand the molecular events that
specifically affect these cells during Ciona development. Our
previous study has pointed out that an apoptotic event occurred
in test cells at an early stage of the developmental process. In
this study, we characterized the temporal and spatial determi-
nants of test cell apoptosis and identified which molecular
mechanisms are key regulators in this process.
Test cell apoptosis is caspase-dependent and is finely tuned in
fertilized eggs
Apoptosis in test cells is caspase-dependent whether or not
it occurs in fertilized or unfertilized eggs. Prior study
established that Ci-caspase 3 is not expressed at this time of
early development (Chambon et al., 2002). Therefore, the
caspase cascade involved in test cells apoptosis, and specifi-
cally blocked by pan-caspase inhibitor, is probably different
from the one inducing tail regression at metamorphosis time.
Test cells from unfertilized eggs undergo unrestricted apopto-
sis, whereas fertilization repressed and delayed apoptosis in test
cells. Remarkably, the experimental blockage of apoptosis
considerably delays hatching. The control of test cell apoptosis
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development of the early embryo. Therefore, test cells in
fertilized eggs undergo a selective spatial and temporal form of
controlled apoptosis. From a single monolayer of epithelial
cells, test cells are differently sensitive to apoptosis. As a result
of apoptosis-dependent epithelial disorganization, most resis-
tant cells (the so-called inner test cells) become positioned
closest to the embryo. As a consequence, only external test
cells remain sensitive to apoptosis, and the appearance of
apoptotic cells is considerably delayed, mostly beginning at
H12, while test cells are apoptotic as early as at H1 in
unfertilized eggs. In fertilized eggs, non-apoptotic inner test
cells are in close contact with the embryo, and one can infer
that survival factors are expressed from the embryo in order to
induce this resistant phenotype. More likely, some of these
factors were sufficiently concentrated in extracts made from 1-
h-fertilized eggs (F-extract) to repress apoptosis. It is remark-
able that unfertilized eggs treated with F-extract underwent a
much more moderate level of apoptosis with a time schedule
very close to what is observed in the normal fertilized situation.
Test cell apoptosis is repressed by a fertilization signal
mediated by T4
An abundant literature provides support for the role of
thyroid hormones in the onset of early development of marine
invertebrates, among which a specific role for thyroxine was
pointed out (Saito et al., 1998; Chino et al., 1994; Heyland and
Hodin, 2004; Heyland et al., 2004, 2005; Spangenberg, 1971;
Johnson and Cartwright, 1996). However, no link has yet been
made between thyroid hormone action and developmentally
regulated apoptosis. We hypothesized that one, among other,
active factor present in F-extract might be involved in the
induction of T4 expression. Indeed, the level of T4 in test cells
is strongly induced in fertilized eggs, as well as in unfertilized
eggs treated with F-extract. Furthermore, it is remarkable that
treatment of unfertilized eggs with T4 represses and delays
apoptosis in test cells within a time schedule similar to what is
observed in fertilized eggs.
T4 can readily be synthesized since thyroid peroxidase, one
of the enzymes responsible for its synthesis, is present in
unfertilized eggs and throughout early embryonic development.
Thyroid peroxidase expression is therefore independent of the
fertilization signal which triggers T4 production. T4 production
requires that sufficient amount of Ciona thyroglobuline, the
enzyme substrate of thyroid peroxidase, be present at that
stage. This suggests that thyroid hormone production occurs in
an endostyle-independent manner during early embryonic
development in Ciona. The production of T4 by test cells
infers a new possible physiological role of these cells and
might contribute to Ciona well-known lecithotrophic mode of
development (Marshall and Keough, 2003). Indeed, among
echinoderms, lecithotrophy is strongly correlated to the
capacity for each species to produce T4 endogenously.
Conversely, planktotrophic species, such as Dendraster excen-
tricus, are incompetent for T4 synthesis and are dependent for
development on an exogenous source of T4 (Heyland andHodin, 2004). Ciona thyroid hormone receptor is unable to
bind T3 and activate transcription in response to this hormone
(Carosa et al., 1998; Laudet, personal communication). Ciona
genome does not contain any other nuclear receptor that could
be an orthologue of thyroid hormone receptor (Bertrand et al.,
2004). The detailed functional characterization of Ciona
thyroid hormone receptor and of thyroid hormone mode of
action in chordates presently underway may allow resolving
this apparent paradox.
T4 induces the transient expression of Ci-p65, a Ciona
homologue of human NF-jB
One major pathway generally involved in the caspase-
dependent control of apoptosis is the InB/NF-nB pathway.
Among various genes present in Ciona genome, the rel/nf-jb
homologue ci-p65 was shown to be specifically and transiently
induced at an early time after fertilization. This observation,
altogether with the demonstrated expression of other compo-
nents of ci-InB/NF-nB at the same developmental period, and
with the respective proteins being specifically expressed in test
cells, strongly indicates that Ci-p65 might represent a key
regulator of test cell apoptosis. Very significant is the induction
of Ci-p65 mRNA expression in unfertilized eggs upon direct
treatment with T4. The thyroid hormone receptor might
directly control ci-p65 gene expression through a putative
thyroid hormone response element site (AGGTCAnnn-
nAGTTCA) located in the promoter region 2500 bp upstream
of the first exon. Indeed, our results strongly argue that the anti-
apoptotic effect of T4 is mediated through NF-nB activation.
Upon activation, Ci-p65 localizes to test cell nuclei to exert its
anti-apoptotic function
Upon fertilization, inner test cells become protected from
apoptosis for a delayed period of time (up to H18). Ci-p65
mRNA expression was detected in fertilized embryos as early
as H1, making possible the accumulation of the protein in cell
nuclei up to H12 before declining and being undetectable at
H18. Remarkably, Ci-p65 nuclear accumulation is also
detected in unfertilized eggs treated with T4. Immunofluores-
cence data of nuclear location of Ci-p65 in test cells, confirmed
by global Western blot analysis, are in agreement with mRNA
expression data and indicative that Ci-p65 has a longer half-life
than its encoding mRNA. Ci-InB mRNA expression is stably
expressed from gonad to H18 embryo. Ci-InB protein is
localized mainly in external test cells at H12 and is excluded
from inner test cells. Therefore, one could expect Ci-p65
activity being differently regulated between external and inner
test cells. In external cells, Ci-InB would interact with Ci-p65
and block any expression of survival genes. The cells would
therefore be very sensitive to any death signal, and this is what
is observed. On the contrary, in inner test cells for which Ci-
InB remains repressed, Ci-p65 would be readily activated,
inducing responsive survival genes. Indeed, those cells,
positive for the nuclear form of Ci-p65, are resistant to
apoptosis.
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cence at a very early stage (H5). This absence might result from
the incoming fertilization signal. Such a signal might include a
calcium wave and cortical reaction. Upon a rise in cytosolic
calcium, the degradation of InB might occur, as was observed
in Drosophila (Kubota and Gay, 1995). Since the mRNA pool
is stable, continuous Ci-InB protein synthesis contributes to the
later raise in protein concentration with full detection at H12
and H18. The stability of Ci-InB mRNA expression throughout
the complete development period suggests that, in contrast to
mammals InBa, Ci-InB is not subjected to the transcriptional
control of Ci-NF-nB. This would explain InB presence in
gonad and at later stages of embryo development (from H8 up
to H18) when Ci-NF-nB is barely detectable. It is noteworthy
that no (or trace of) Ci-p65 protein was detected in unfertilized
eggs, a result totally consistent with mRNA expression studies.
The role assigned above for Ci-p65 is substantiated by
functional observations made in vitro and in a cell reconstitu-
tion system. Nuclear Ci-p65 possesses the in vitro full capacity
to bind NF-nB DNA binding sequences and upon over-
expression in HeLa cells to totally block serum-deprivation-
induced apoptosis. The anti-apoptotic activity of Ci-p65 is
corroborated by the functional assay performed in the presence
of dexamethasone. Dexamethasone is well known to induce an
antagonistic effect on NF-nB activation via induced over-
expression of its inhibitor InB (Auphan et al., 1995; Scheinman
et al., 1995). Indeed, dexamethasone at a concentration
comparable to the one used in mammal cells fully inhibits
the anti-apoptotic phenotype observed in test cells from
fertilized eggs. Although additional effects of dexamethasone
cannot be excluded, these results strongly support the role of
Ci-NF-nB pathway in the control of apoptosis in test cells. The
fact that dexamethasone exerts such an effect in Ciona could, at
first sight, be very surprising since Ciona genome is devoid of
an orthologue of the vertebrate glucocorticoid receptor (Dehal
et al., 2002). Nevertheless, there is in Ciona two orthologues of
the xenobiotic nuclear receptor PXR which, in mammals, is
able to bind dexamethasone at high affinity (Bertrand et al.,
2004). It is thus tempting to speculate that dexamethasone
effect in Ciona early development is mediated by a PXR-
dependent pathway, a hypothesis we are currently exploring.
Another, less obvious possibility would be a non-genomic
effect of dexamethasone, through a membrane receptor.
The postulated absence of control of InB expression by NF-
nB in Ciona that we discussed above has evolutionary
implications. In Drosophila, Cactus (InB) regulates the activity
of Dorsal (NF-nB) exclusively in the cytoplasm. Moreover, in
the fruit fly, cactus is not regulated by Dorsal at the
transcriptional level. In mammals, on the other hand, there
exists a much more complex level of inter-regulation. Seven
different forms of NF-nB inhibitors exist that are susceptible to
regulate NF-nB activity in the cytoplasm and/or the nucleus.
Among these seven inhibitors (InBa, InBh, InB(, InBg, Bcl3
and inhibitory domains of p105 and p100 precursor proteins),
only InBa is in turn regulated by NF-nB at the transcriptional
level (Hoffmann et al., 2002). In Ciona, only Bcl3, p105 and
one form of InB exist. Since InB has been localized in thenucleus of test cells and has been detected in gonads at mRNA
level, we propose (i) that Ci-InBa/( is able to regulate NF-nB
both in the cytoplasm and the nucleus and (ii) that Ci-InBa/( is
not under the control of NF-nB. In terms of InB/NF-nB
pathway, Ciona situation would be intermediate between
Drosophila and higher vertebrates. The immunofluorescence
results found in Ciona were also found in P. mammillata and A.
aspersa. Therefore, we are very confident that these results are
significant enough to make a strong case for the generalization
of the proposed role of the InB/NF-nB pathway in the
developmental control of apoptosis in ascidians.
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